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FOREWORD 


An investigation of the "Aero-Thernoprex" was conducted 

asa joint project by Lieutenants R. A. Hawkins, L. VY. Mowell, 
QO. A. Templeton, and J. R. fish. Since the investigation covers 
many phases, the report has been dividcec into two sections. The 
first renort, by Hawkins snd tiowell, covers the design, construction 
End pretininary tests of the "Aero-Thermoprex", anda incluaes the 
theoretical analysis for design, and 4 modified analysis for the 
anparatus constructed. The second report, by Templeton and Wish, 
covers the actual performance of tis &pparetus and & comparison 

vh the theory to determine the possibilities of the "Aero-Thermoprex" 


&@s & machine. 
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Subscripts 


Ol, stc. 


NOMEN CLAT 
Quantity Represented 
Cros6—sectional area of the ,;es stream 
Wydraulic Dieneter ‘ 
Friction Coefficient 
Mach Number 
Pressure 
Absolute Tempsrature 
Weight rate of flow 


Distance along the duct 


Gas 

Gas conditions at the outlet from the evaporation 

. section 

Gas conditions at-the inlet to the evaporation 
section 

Water (liquid or vapor) 

Gas conditions at the inlet to the nozzle 

Gas conditions at the outlet receiver 


Isentropic stagnetion conditions at section.1, etc. 





Me QOUMHARY 


A theoretical one-dimensional analysis of a supersonic gas 
stream shows that 4 stagnation pressure rise may be attsined under 
certain conditions, by ea constent temperature evaporetion of water 
in the strean. The "Acro-~Thermoprex" is 4 gas ounping device which 
operates on this principle. The purpose of this lnvestigetion is to 
deteruine experimentally the opereting characteristics of the "Aero- 
Thermoprex®", and to compare its operation with the ee ee analysis. 
It is particulariy desirable to deternine the possibilities of the 
"Aero-Thermoprex™ as a gas pump because of the need for alternatives 
to conventional compressors for large supersonic wind tunnels. 

Experisaents were conducted on the apperetus, which consists of 
@ sunersonic nozzle to accelerste a heated ges stream followed by; an 
evaporation and diffusion section to produce a etugnation pressure rise 
in the gas streaa. The ootinun opereting conditions were determined 
for this apparatue and the results compared with the theoretical anai-~ 
ysis to establish the possibilities of the "Aero=jThermoorex". 

Experiaentel results show that the eveporetion section of the 


"Aero—Thermoprex" produces a final pressure 28.5% greater than the 





pressure attainable without water injection, although the pressure rice 


is not great enough to produce & net <«tagnation pressure retio greater 
f 


than unity, anc no punping action is atteined. The experimental results 
partially substantiate a modifiec theoreticel analysis, which shows that 
Z 


‘on an apparatus of experimental size it is not possible to obtain a etagnstion 


pressure rise because of frictional effects end incomplete evepnoration. 





The stagnation pressure ratio obtained experimentally is lese than 
thet predicted by the modified one-dimensional theory. In converging 
the supersonic stream in the evaporation section, oblique shocks and 
turbulent flow occur, causing losses which were not accounted for in 
one-dimensional theory. The performance of experimental apparetus can 
be improved by incorporating well designed supersonic ase Subsonic dif- 
fusers and incorporating a better water injection and evaporation sy sten. 
On a full sise apparatus, a net stagnation pressure rise is un- 
certain, although the operstion would be much improved. The water injec- 
tion and evaporation and the supersonic diffusion could be improved, while 
the friction Losses would be decreased. If a net stagnation pressure rise 
is not obtained, the "hero~The rmoprex" is still useful, for it can reduce 
materially the comoressor power needed to drive supersonic wind tunnels. 
if a net stagnation pressure rise is achieved, the "“Aero-Thermo>rex" can 


become a supersonic wind tunnel which requireé no compressor. 





Il. INTRODUCTION 


‘The "Aero-Thermoprex" is a gas pumping device waoich would reise 
the stagnation pressure of a superscnic gas stream without the use of 
mechanical vert by eveporation of water in the stream. This scheme was 
suggested by Shapiro and Hawthorne (1) and e theoretical one-dimensional 
| anealysie was mece by Shaviro and Wadleign (£). Using the method of anal- 
ysis suggested by the ebove works, Hazkins and Nowell (8) have selected 
a design point to give the optimum stagnation pressure rise within prac- 
tical limits for a constant tempereture vrocesa, and have conetructed an 
“Sero—Thermoprex", “‘Thie investigation is a sequel to the work of Hawxins 
and Mowell, who oreeent the one-dimensional theoretical basis of the 
"Aero-Thermoprex", anc it 4e intended that this investigation be read 


after the work of Hawkins and dowell. 





The apparatus (see illustration) wes designed for an inlet stagnation 





tenperature (To) of 1500 deg. FA, an inlet sta nation pressure (P51) 

of 14.7 osia, a Mach Number of 2.5, and a theoretical water injection 

rate (W/W) for complete evaporation of 0.14 for a final Mach Number 

in the evaooration section of 1.25. The one~dimensional analysis with- 
out friction (counterbalencing assumptions of f= y=o0) end with instant- 
aneous evaporation oredicts a so pressure ratio Pae/P oy of la&. 
However, Hawkins and iédowell show that the small size of this apparatus, 
made necessary by Leboratory facilities, invalidates the assumptions of 
zero friction factor (i.e., f 48 greater than y) and instantaneous evap- 
oration. The, introcuce a reesonable friction factor, 4f dxf/D of 0.009, 
and show that a Phiierig tie pressure ratio Poel Poi of 1.l is still possible 
if evaporation is complete. They have shorn the evaporation in this ap- 
paratus should be between 50% and 1LOO% complete. Using the same friction 
factor, 4f dx/D of 0.009, they have made calculations for injection of 
excess water to maintain constant temperature with 75% and 50% evanoration. 
These caiculations show a stegnution pressure ratio less than unity for 
both, and for 50% evaporation, the final staznution pressure is less than 
that calculated for no water injection at all. 

The primary object of this investigation is to determine the optimum 
operating conditions of this "Aero~Thermoprex" and to interpret the results 
on the basis of the theoretical analysis. Secondary objects are the in-~ 
vesticstion of the effects of desarture from one-dimensional flow and the 
lavestigation of the influence of absolute size on the results obtained. 
Mal G latter investigation can be used for predicting the results obtsinable 


in full size installations anc the possible uses of the "Asro~Thermoprex". 





, It should be pointed out that constant temperature operation. 
for which the époaratus wat deéi.ned, can be only aporoximeted. Con- 
stant temperature operstion would require infinitesinal injection steps 
ja the evaporation section with instantaneous acceleration. and evapora~ 
tion. These requirements caunot be met in any actual apoaratus. 

The aoparatus bes sufficient flexibllity so thst tests can be con- 
Guctec at various inlet tenperntures and weter injection rates other than 
the desizn values, and with soorooriate area change in the eviporation 
section to accomodate the various Conditions. The object in mind in 
carrying out the exnerimentel tests was not to maintein a constant temper— 
ature proceese, but fo oital the best possible stagnation pressure rutio, 
Pog/?o1° The results are compared with theoretical curves for a constant 
temoerature process, since the ectual procesé anvroximates one of constant 


temperature. The complexity of the flow equations involved makes an 


aoalysie of the sctual process too complicated to attenot. 





Ill PROCEDURE 


Experimental runs were made over a wide réuge of operating 
conditions to determine és fully as possible the operating character- 
istice of the "Aero-Thermoprex". The variable quantities included; 
inlet stagnation tempersture, amount of water Lnfeoell types of injec- 
tion and area change in the evaporation section. All tests were conducted 
with the design Mach Number of 2.5 at the inlet to the evaporation section. 
The data recorded were3 inlet and outlet etagnation tennces balla (Ty Toe) 
inlet and outlet stagnation pressures (P,, Py.), pressure tap readings, 
water injection rate, and hencwheel settings for the evaporation section 
areas. (Original data is tabulated in sopendix A.) The area change 
versus length in the evaporation section for various settings of the hand- 
wneels is shown in figure II. The different hendwheel settings will 
henceforwara be desiznated by the diffuser throat sarees tnat they vroduce. 


The procedure for test runs without water injection was as Solloxs: 


eee eee eee med eee 





(Numbers in parenthesis refer to scnenatic drawing, Fig. 1.) 

s. The furnace (1) was lighted with the air-injector valve (16) just 
cracked, and the apparatus was allowed to warm up for several minutes. 

b. With the diffuser throat aree ovened sufficiently by means of hand- 
wneels (10), the air ejector valve wes osened wide anc a supersonic flow 
started in the test section (4). 


c. The inlet stagnation temperature T,) was adjusted to the desired velue. 


a. The exhaust cooling water system (14) was started. 





e. Witn the diffucer throat area set at the desired test value, 
the bacx pressure was raisec by closing the air-ejector valve until 
the shock was moved as close to the diffuser throet as nossible with- 
out choking the flow. 

f. Pressure tap (3) values, thermocouvle (2) readings, and diffuser 
throat area settings (10) were recorded at this point. 

ge The flow was then choked by closing the air-ejector valve still 
further, the value of Poe being noted at the instant of choking. 
Endeavor was made to keer the ooint et which comnlete test data were 
recordec as close to the choking point es poesible. 

Oo. The procedure above was reveated for the other desired values of 
the inlet stagnation temperature end diffuser throat area. The min- 
imum diffuser throat area setting st which the supersonic flow would 
start was recorded, along with the minimum area to which the diffucer 


throat could be closed before the flow choked. 


The procedure for test runs with water injection was as follows: 


SE Ge TSE ES ee 





% 


_ Steps (a) through (d) above were reoeated, and .the outer wall cooling 
spray (5) started. 

b The «ater injection pumo (1%) was started and the desired rate of 
flow obtained by regulating the stump by-pass valve. The desired type 
of water injection was used. 

c. The diffuser throat area was decreased to the desired value if it 
were poesivle to do so without choking the flow. 

d. The back vressure was raised by closing the air-ejector valve until 
the shock was moved as close to the diffuser throat as possible without 


4 


choking the flow, 





-9- 


e. Readings of the pressure taps, thermocouples, diffuser throat 
area settings, and the amount of water injected were recorded. 
f. The flow was choked and P was recorded at the instant 
of choking. - 


g@. The above procedure was repeated with other values. of T 
G1, 


amounts of water injection, and values of diffuser throat 
area. The minimum diffuser throat area was padoraed For: 
each water rate and type of injection. 

Experimental data which was used for preparing curves 
showing the operation of the "Aero-Thermoprex" are 
recorded in Appendix A. ’ 

The performance for various test runs was compared 
with the predicted performance oeiicimebaa for several 
theoretical cases. The best performance of the apparatus 
for runs without water injection and for runs with the 
optimum water rate were compared with the theoretical 
curves for 0%, 50%, 75%, and 100% evaporation; all with 


a ffictienm factor, 4f dk/D, er 0.007. 
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IV RLSULTS ‘ \ 
ey 


kxcerimentel data for the oneration of the "Kero-Thermoprex" 


re presented in a manner which shows its optimum operating condition. 

The ontimun oneratint condition is that condition for waich the highest 
staguation pressure ratio is obtained. The stagnation pressure ratio 
(Pyo/Po)) is shown in figures II] to VI, inclusive, for various conditions 
of operstion: In figures VII to IX, the experiuental results are compared 
with the results obtained from a mocifiled theoreticzel one-dinensional 
analysis. No comparison of temperatures was made, since tenperature meas— 
urement in the high speed ¢35 stream wes not possible. The results, both 
theoreticel ana sctusl,are obtained for an inlet Mach Number of 2.5. 

. Figure {II shows the stagnation pressure ratio vs water injection 
rate for five different methods of water injection, and with an inlet 
stevnetion temoereture of 1500 dey. FA. Tyoes A, B, and C consist of in- 
jection through an an axiel tube, 0.05" i. d., located near the nozzle 
throat. In injection type A, the tube is located 4" before the throat, 


e | 


| 


‘ ] ( i 


Tyee AY Type “B’ TYPE ee 





So 





= - 


for type B, it is 1" before the throat, end for type C, the tube is 
loceted at the throat. Tests for axial injection beyond the throat 
in the supersonic stream were unsuccessful due to the instability of 
the gas strean, end no deta was obteinec for this condition. Type E 
consistsof injection through the sideolates of the evaporation section. 
This is 4 greiates inerdion, which more closely resembles the mechanics 
of the theoretical analysis. Very little data was obtsined with tyne E 
injection, because this method ceused instability in the ges flow. No 
data woes obtained for simultaneous injection through «ll side plates, for 
very strong shocks occurred with injection at the inlet to the evaporetion 
section where the gas otream velocity was highest. Type D is a combinstiou 
of the axial injection type A with the last two side blocks of type E. 
Figure IV shows how the injected water was dispersed in the ges 
strean when axiai injection was used. The pnotographs were taken of a 
Mach Number 2 Nozzle with ootical flets for side plates. For all bynes 
of reuse in this test, bite water stream was broken up into an extremely 
fine fog by the shearing action of the high soeed gas stream. Fi,ure [Va 
shows the covereve of the gas stream with the injection tube before, near and 
after the nozzle throat and the injection at the injection at the theoretical 
design rate of 0.14 pounds of water per pound of air. Figure 1V b shows 
the coverage of the gas etream with water injection rates above and below 
the design value. The effect of normal shock on the dispersion of the 
water is showm in figure IVc. The snock occurs at the section which shows 


the instantaneous complete coveraze of the vase streana. No means were 


aveilable for obtaining photogranhs of the side plate injection. 





aw . 


The effect of tne inlet sta netion temperature on the stagnation 
pressure ratio is showm in Figure V. The curves show Poo/P 5) VS EVEp= 
oration section (diffuser) throat area for constant water injection rate. 
the water injection rate used at each tenperature is approximately thet 
for which the best stagnation pressure ratio could be atteined. 

In figure Vl, the stagnation pressure ratio ve water injection 
rate is shown at the design inlet stagnation temper:.ture of 1500 deg. FA 
for numerous experimental runs conducted with type A injection. Curves 
are slotted for constent values of diffuser throat area. The curves ternin- 
ate at the limit lines which bound the region of possible operation... (The 
location of the limit lines ig aprroximate.) The curvee show th t the 
highest staynation pressure retio, Poe/Poy» was reached with a weter in- 
jection rote of 0.188 pounde of water per pound of air, and with the small- 
est diffuser throat area it was possibie to obtain. If the evavoration 
were comolete, the theoretical weter injection rate required would be 
O.14 pounds ver pound of air for a finel Hach Number of 1.25. For evao- 
oration of 75% of the injected water, the rate required would be 0.187. 
These theoretical rates are shown on figure VI. 

Figure VII shows a conparisoa of the theoretical curves obtained 
by one-dinensional snalysis for a constant temperature evaporation proc- 
ess, and the actusli curves for tne orocess which yielded best results in 
the experimental runs. The theoretical and actual curves were obtained 
with design inlet conditions. The exnerimental run wae mace with water 
injection at the rate of 0.188 pounds of water jer pound of air. The 
theoretical curves are plotted for water injection of 9.14, 0.187, and 


0.28 for 100%, 75%, and 50% evaporation, respectively. Curves of A/A; 





= _— ord: e a 


oa) Se 
» 

end the corresoonding P/Po; are plotted vs length, where L is zero at the 
inlet to the evaooration section, anc L is 10*at the diffuser throat sec- 
tion, at which point the Yech Nuaber is 1.25. (Po, is taxen equal to 
Py, for the actual curve, although they adiffer slrehtly. Po, was not 
obtainable on the apparatus.) The Length from 10 to 17 represents the 
length from the evaporation section at the diffuser throat to the outlet 
of the actual subsonic diffuser, where M is suhstentially zero. The 
theoretical curves were plotted with a Mach Number of 125 at the ciffuser 
throat, since that was the minimum Mach Number obteinable at the diffuser 
throat for stable operation of the &pparatus. The theoretical curves are 
continued with a normal shock and isentropic subsonic diffusion to zero 
4ach Number, using the Ges Tables. 

Figure VIII shows a comparison of the theoretical and actual 
results without water injection. The theoretical one-aimensional cal- 
culation was made with the same friction factor us was used in the cal- 
culetions with water injection. The curve A/ Ry vs length is the sane 
for the theoretical end actual cases. ‘The pressure curves P/Po. vs 
length correspond to the above area curve. The experinental curves 
represent the best verformence of the apparatus without water injection. 
The figure shows thet at the diffuser throat, the actual pressure ratio, 
P/P. is 0.174, whereas the theory predicts a pressure ratio of 0.275. 


The ratio of (P/Py,) ctu) %° (P/Po;) SB go ceaot is 0.635. 


In figure 1X, the actual’ and theoretical pressures with oo water 


{injection are brought into agreement by reducing the theoretical pres- 


eure at the diffuser throat by a factor of 0.688. Tne pressures at tne 
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Outlet of the evaporetion section for the theoretical curves with 
water injection are reduced by the’ same proportion, and ‘compared with 
the diffuser throat pressure obtained experimentally. In figure 1X, 
the exnerimental diffuser tnroat pressure ayreee with the theoretical 


curve for 75% evaporation. 
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Figure LV. Pisodersion of injectec Water 





Near the Throst Refore the Tnroat After the Throat 


(Type 4) 


Figure [Va. Axtal types of water injection at the design rate 


(0.14 pounds of water ver pound of eir.) 
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(1) 


Figure 1LVb. Tyoe A injection at: Figure 1Vc. dimectaer 
(i) Less than cesign rate Normal shock on 
(2) Greater than desizn rate the cisoemeion. 
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Comparison of P/Fo; vs Length 
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V DISCUSSION OF RESULTS 


This section is divided into the following discussions} 
the determinetion of the optimum operatin, conditions, the con- 
parison of the theoreticel and actuel performance, and the possible 


improvements of the actusl performance. 


Optimun Operating Conditions 

1t was determined experimentally that the optimum operating 
conditions were obtained with a Tp) of 1500 degrees PA, and with 
axial water injection 3° before nozzle throat (type A) at a rete of 
0.188 pound’s of water per pound of air. Consiceration of fizures ILL 
to VIL explains why these conditions gave optimun resulte. 

Figure III shows that trope A was tne best method of injecting 
water, since undesirabie effects were less taan for eny of the other 
types. Two methods, types © ana KE, caused strong shocks in the cuper- 
sonic ges strean, resulting in unsteble overation for which complete 
data could not be obtained. This condition occurred on all attempts 
to introduce the water in the supersonic region of tne case strean, 
except for very low water rates. For the small apparatus used, the 
water stream introduced was appreciable in size comosrec to the gas 
stream, resulting in Large disturbances to the supersonic flow, Type D 
injection could be used only at lov water rates, for the reasons notec above. 

Type B showed inferior results compared with tyoe A, because the 
dispersion of the injected water in the gas streém was less complete, 
as show in the photogranhs Figure 1Va. This figure shows thet the 


best dispersion of the liquid in the gss streem is obtained with the 





i... 


injection at the nogsle throat. Type A best approximated wis 
condition. without disrunting the ta Phrasal. stream. However, even 
Type A produced a dispersion through only about 60% of the ges strean. 
Figure LV b shows that better dispersion results from higher flow 
rates, From considerations of all the factors involved, Type A 
proved to be the best method of injection, and was used for all sub- 
“sequent tects. 

Figure V shows that the best results were obtained at the 
design inlet stagnation tapas tials of 1500 degrees FA., however, the 
effect of inlet etacnation temperature over « range of teupersture 
near the cesign point proved to be slight. Only a few tests were nade 
at 1200 and 1800 degrees FA, since the nerformance at these vain 
tures was so little different from that at the design point. Better 
results might have been obteined et 1800 degrees Pa, but further inves- 
tigation at this high temperature was prevented by the physical linita- 
tions of the epparatus. Thus it is show tnat the designed inlet stag- 
nation temperature of 1500 degrees FA was satisfactory as regards 
temperature, — | 

Figure VI shows thet the water injection rete for the highest 
stagnation pressure ratio attained was 0.168 pounds of water per 
pound of air with the whallane ict his diffuser throat area. This 
water injection rate approximates the rate theoretically required 
for 75% evaporation. For ee optimum weter rate, the performance 
improves as the diffuser throat area is decreased. Thus tne diffuser 
throat sree attainable is a criterion of the performance of the 
&épparatus. For the emaller diffuser throat ereas, the range of water 


injection rétes was restricted as shor by the limit linee. For 





water injection rates‘outside of thic rsenge tne flow was choxed. 

Along these lines it was difficult to obtain data, since small varia- 
tions of injection rate would cause choking. Therefore, the location 
of the liait Lines is approximate. For small diffuser throat areas, 

a certain amount of pressure rise is necessary for the flow to continue 
without choking. At low rates of water injection the pressure rise 
derived from evaporation is insufficient to sustain the flow. At 
nigh rates of injection, the loss of stream stegnation pressure due 

to drag of the liaguid more than offsets the effect of evaporation. 

In figure Vl, the curve for area 1 shows that @ stagnation pres- 
sure ratio cen be obtained with water injection that is 15.5% better 
than with no water injection at this area. Areal is the miniaum 
diffuser throat area for waich e supersonic flow can be startec in 
the evaporation section with no water injection. ‘Thus, this curve 
shows the improvement of a fixed-yeonetry diffuser by injecting water. 
The starnation pressure ratios for operation 46 a variaole area ciffus— 
er, pointe "A® and "Bf, show the best pressure ratio attained with and 
without water injection, respectively. The stagnation pressure ratio: 
is 28.5% higher with water injection than without. 

This improvement in performance can be realized in a supersonic 
wind tunnel, if the "Aero-Thermosrex" is used. The tunnel would con- 
sist-of an air neater, the nozzle anc tne test section, followed by the 
evé.poration section rather then a conventional Suoersonic diffuser. The 
pressure rice in the Saemetick section would reduce the compressor power 


required, 
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Comparison of Theoretical and Actual Perrormance 
Experimental results show a qualitative agreement with the 


- 


predictions of the modified theoretical one-dimensional analysis. 


tt 


However, some materiel differences exist between the theoretical sana 


the actual operetion. These facts ere show in a consideration. of 
the pressure and the aree curves. : 
Fiwvure VlI shows thet the area chanze achieved experimentally 

io the evzporetion section, lies between the area ohyengy for 50§. and 
for 75% evaporation for a theoretical conStant-temperature process. 

The pressure obtained in the outlet of the evaporation scetion (dif- 
fuger throat), is only Sli,ntly better than the theoretical pressure 
for 50% evaporation, whereas the water injection rate wus the came as 

he theoretical rate for 75% evaporation. Thus the actual evevoration 
agparently Lies between 50% and 75% of the injected water. Since the 
water was not injected in increments alon,; the evaporation section, 

but ratner injected entirely at the inlet, it is orobable tnat the 
evaporation rate was higher at the inlet then at the exit. Near the 
exit from the evaporetion section, the shape of the actusi presture 
curve samen materiolly from the gnape of the theoretical curves. dow 
ever, this ceoarture from the tneoretical curves cannot Le aitributed 
wholly to poor evaporation 

There is an imoortent difference between the theoretical and 

actual processes, weich can be seen from & consideration of figure Vlil. 
\ 

The curves for figure VII1, which are obtained with no water injection, 


glso show that the ehane of the actual pressure curve differs from the 
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theoretical near the diffuser throet. The faiiure or tne ectucl 
process to attain the pressure rise tneoretic:!ly predictea must 
be due to losses not accountec for in the one-dimensional theory, 
Since e reasonable friction factor was essumed in the tneoretical 
celculations. The oressure rise obtsined without water injection 
does not follow the theoretical, therefore, it is to be exnected 
that with water evaporation the same types of losses would result. 

In the ev&poretion section the supersonic stream is converg- 
ing, which leads to oblique or normel snocks even when the diffuser 
throat is large enoush to prevent chokin;;. The strength of the 
oblique shocks desends on the boundery layer conditions and the anyle 
of conversence of the stream, tnus supersonic diffusios is a function 
of the geonetry of the flow sascaze end not of the evaporation. Chocks 
always cause stagnation oressure losses. The losses acsociatec with 
shock patterns were beyond the scodve of the original analysis, but 
due to their magnitude, they should be considered in future investiga- 
tions. 

In figure 1X the theoretical curves are arbitrarily corrected 
to account for taese losses, dn oraer to conpare the theoretical end 
actual cases on & realistic basis. Tne figure indicates tt about 
756 of the injected water is evezporated. The end point of Curve l, 
P/P,, of 0.655, in figure IX, shows the highest stegn* tion pressure 
ratio which can theoreticslly be attsined on the anparatus tested. It 
may be soted thet if the avgaratus tested were provided with a eub- 
sonic diffuser of good efficiency, about 90% of the isentropic stey- 


nation pressure at the diffuser throat would be recovered fna a 





Stagnation oressure ratio of 0.51 would be attained. 


Yyossible Im orovements of the Actual Performance 

Without increasin: the size of the anparatus testea, the 
yerformence coula be materially improved in seversi ways. 1) The metnod 
of water injection could be altered so thet with type A injection, 
several water iajection tubes could be used. Tais would vermit more 
complete coveraze of the gas stream anc higher injection velocity, 
thus decreasing the drag of tne liquid stream. 2) The converging 
evaporation section passage could be desizned taking into account 
oblique shocks to lessen their effect. %) Tne subsonic diffuser, which 
diverges too raopicly, could be desi,xned for a much better efficiency. 
These innrovements woulc make the ectusl vserfornance a4norosch oe L 
of figure Ik. 

The absolute size of tne "Aero-Thermosrex" may have en anprec-— 
leble effect on the sts,netion oressure rise obtainable. This mani- 
fests itself in several ways, which tend to counteract tne sources 
of deviation from theoretical results. These sources cre; the effect 
of friction, the Leck of complete evasoration, and the loss of etagna- 
tion pressure in a converzing passage by oblique pressure shocks. The 
effect of size on the last of these is problematical. Presumably, 
tney ere orocucec by the geometry of the nassaz:e only, and would be un- 
chen-ed if all dimensions were incressed in the same ratio. However, 
the formation of nressure snocxs is intimately tied uo with boundary 
layer phenomena, which are cecidcedly affected by size. The net effect 


is not predictable. It is felt that in a Larger epparatus, the reste 
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of evaporation could be made to approach the theoreticsl rate, due 

to two causes; the length available for evesoration increases, and 

the mechanical difficulties of steowise water injection sre decreased. 
As snown by the teste, the fsilure of peripneral injection was cue to 
the creation of shocks by the normsi injection of a water stream wntch 
was Large relative to the flow passage. Cmaller injection holes were 
imsractical due to the manufacturing and operating difficulties. *ith 

a larger flow pessage the sane size holes would be no longer Large enougn 
reletive to the stream to create shock disturbences. Furthermore, 

the numbe~ of injection steps could be increased with the size of the 
machine and could be more closely controllec. The effect on friction 
is readily &>perent. Ag the equivelent ‘inastes is made Large for 

a given length, the tern 4f dx/D can be made very small and friction 
becomes less inportent. However, there is cn important cecondsry ef- 
fect here which must be recognized. Since, for a ziven srocess, the 
&rea ratios remein constsnt per unit of Length of evaporation, ig 

is increased with constant length, the angle of ccuvergence of the pas 
gaze becomes greater. This will have eon effect on the stignation ores- 
sure losses due to shock associated vith converging a supersonic strean. 
The magnitude of this effect is not knom. Fithin certain limite of 
Convergence angles, however, it has been shown to be emall. If the 
increase in diameter can te accomplished without exceeding these lin- 
its, @ real gain can be realized in diminishing the harmful effects 

of friction. One more factor is influenced by absolute size. As vooint- 
ed out above, the same size injection holes cen be retained with the 


larger apparatus. Since the emount of water injected increases with 
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VI CONCLUSIONS AND RECOUMENDATLONS 


The stagnation pressure retio, Pop/Po;, obtained with water in- 
jection is 28.57 better than with no water injection. This 
imorovement in So itamaance could be used to sdvantage in su>,er- 
gonic wind tunnéls. 

The evayoration of the injected water experimentally obtained 
ig about 75% complete. 
The experimental results particlily subetuntlate tne resuits vre- 
dicted by a theoretical one-dimensional anelysis, where friction 

effects were included. 

Oblique shock and boundsry layer phenomena not included in the 
anelysis are imoortant in the supersonic diffusion of the stream 
end cannot be neglected. 

The oerformance of the experimental anparatus crn be improved by: 

Be Using e battery of smaller axial injection tubes to vive 
more complete dispersion torough the strean, znd higher 
water injection velocities. 
b. Designing a@ good variable area supersonic and subsonic 
diffuser, considering oblique shock and boundary layer 


phenomena. 


The performance of a full size apparatus can be made better than 


that of an experimentei model. The water injection and evaporation 


and the supersonic diffusion could be imoroved, and the friction 


\ 


losses cdecressed. 
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